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HEAT-TRANSFER

SUMMARY

PROCESSES h’ AIR-COOLED ENGINE CYLINDERS

By BENJAMINPIIW.CEL

From a consideration of heai-tra.nsjer theory, semi-
empirical exprewions am set up for ihe iransfer of heat
Jrom the combustion gases to ihe cylinder of an air-cooled
tmgine and from ihe cylinder to the cooling air. Simp[e
equationsfor the arerage head and barrel temperatures as
junctions of ihe importunt engine and cooli~ w-iables
are obtained from thew expressions. The expressi0n8
inmlre a few empirical consiuni8, which may be readily
determinedfrom enyine test8. ArumericalraluesjoT tlieae
constant8 were obtainedfTom single-qlinder engine tests

for qlinders of the Prait & Whitney 1636 and 19.@l-H
en~”nes. The equuiions prokie a rnean8 of calculating
the eJect of the um-iousen~”neand cooling wiabi%s on the
cylinder temperaturesand a180of correlatingthe result8of
engine-cooling iest8. An example is giren of the ap&ca-
iiim of the epiaiions to the correiirtimiof cooling-test data
obtainedin jlyht.

INTRODUCTION

Researches on the effect of the engine and cooIing
variabIes on the cyhnder temperatures of s&cooIed
engines in wind tunneIs and in flight and on blovier-
cooled single+inder t=t unite, supp~eraented by
studies of the cooling of electrically heated finned
cylinders, have been made by various investigators.
The resuRa are chmacterized by u apparent Iack of
correlation. The ellects of the mgine and cooling
variables on cyhnder temperature have been found to
dii?er for Wererui engines and for the same engines
operating at different conditions.

~ the presad report an analysis will be made of the
heat-tmmsfer processes of an air-cooled engine for the
pqse of determiningg the mm.ner in which the various
engine md cooling conditions combiie to determine the
cylinder temperature. Besides providing a means by
which the test rtmlts may be corrdated, the amdysis
mill give a better insight into the reIation between the
effects of the various important operating conditions
and wiHindicate a method for reduoing the testing to a
minimum. The average head and barrel temperatures
will each be gi=renas a simple function of the important
conditions making it possible to omreot cylinder tem-

perature of a given engine for miation in engine power,
air-fuel ratio, mass flow of cooling air, and atmospheric
temperature.

In the study of the cylinder temperatur- of air-
cooled engines there are two procews to be considered:
First, the transfer of heat from the combustion gases to
the cyIinder and, second, the transfer of heat from the
cy%der through the ha to the cooling air. From a
consideration of heat-transfer theory, semiempiricd ~x-
pressions for the heat transferred. by these two proc-
esses will be set up. These e.spreasions will contain
constants, the values of which will be determined from
tests of engine cylinders. From these cxpressiona
equations will be obtained for the average head and
barrel temperatures as functions of the fundamental
engine and cooling -mriables.

Tests were made of two modern air-cooled engine
cylindem to check the analysis and to provide the
necessary experimental constants.

HEAT TRANSFER FROM THE COMBUSTION GASES
TO THE CYLINDER

HEAT-TRANSFER COEFFICIENT

The transfer of heat from the combustion gases:o the
cylinder takes pIace by radiation and convection.
Radiation contributes to the heat transfer maiuly
during and immediately follov=ing the short period
when the gases are burning. From tests of Iow+”peed
engines, Nusselt (reference 1) has shown that radiation
accounts for less than 10percent of the heat transferred.
For high-speed engin= it is reasonable to expect that
radiation, as compared with con~ect.ion, is of even kss
importance. In the present amdysis the heat transfer
will be assumed to take place =tidy by convection.

R is now w-en=tabhshed from theoretical consider-
~tions and tests of bodies of various shapes that, in
general, the surface heahtransfer coeftkients q for
cooling by forced convection may be set up as functions
Dfthe Reynolds NTumbwp~~)pj of he Pmndtl number
UCJIC,and of nondimemiond mfios of the various im-
portant dimensions of the body. Thus

49



REPORT NO. 612-NATIONAL ADVISORYCOMliHTTEEFOR AERONAUTICS50

where qflis the rate of heat transfer per unit area per
unit temperature ditlerence between the
gases of combustion and the cylinder.
(The term “cylinder” is used to refer, in
general, to both the head and the barrel,)

p, density of gas.
77,velocity of gas.
S, stroke.
D, bore.
r, compression ratio.
p, coefficient of viscosity of gas.
Cfl,spetic heat of gas at constant pressure.
k, thermal conductivity of gas.

The usefulne= of equation (1) is evident since, by
grouping the many variables into factors such as the
ReynoMs Number and the Prandtl number, the testing
required to establish the equation for g is reduced to a
minimum.

The convection of heat from a surface by a moving
gas is brought about by the same mechanism that gives
rise to surface friction, It may be recaIIed that the
friction between two adjacent fluid Iayers moving at
d&rent velocities is caused by an interchange of fluid
particles between the layers resulting from the random
molecular movement -a~ociated with fluid temperature
for laminar flow and, in addition, from small swirls for
turbulent flow. These same interlayer movements
interchange particles in the warmer layers with particles
in the colder Iayers and result in a diflusion of heat in
the direction of the colder layers. With transition from
laminar to turbulent flow, a large increase in heat
trader naturally occurs.

The vahes of the viscosity, conductivity, and spe-
cific heat in equation (1) vary with temperature; how-
ever, the l?randtI number for gases remains practically
constfmt.

Heat-transfer tests have shown that, in generaI, g is
proportional to (pV)’ where the value of n dependa on
the body cooled and on the rmge of ReynoIds F7umber
invoIved. For example, in the cooIing of a flat plate,
n=O.5 for a laminar boundary Iayer and 0.8 for a tur-
bulent bounda~ layer. It is clear that, for q, to be
proportional to (pV_)a, the function of the ReynoIds
~umber must be (pVD/P)’. The equation for qr for a
gm may then be written

‘f=H%9wJr)
(2)

Several attempts have been made to obtain the
variation of the instantaneous hea&transfer coefficient
during the engine cyclq (references 1 and 2). The diffi-
culty of the problem is SSEUJfrom the fact that, in addi-
tion to the continual variation in V, p, p, Cn,and k
during the cycle, account must also be taken of the
varying gas turbulence. The present paper deals with
the simpler problem of obtaining the average rate of
heat transfer over the entire cycle,

GM velooity,—The various gas movemou h that tako
part in the transfer of heat are the flow of tho gmcs
through the intake and exhaust ports, the sweeping
of the gases over the cylinder barrel and had surfnccs
produce& by the piston movement, and the turbulence
that may be set up in the gases. A source of tur-
bulence is the high gas velocity though the intake
port, which reduces to a SWMwhen the gns enters tho
cylinder. During combustion thero is evidence of
the existence within the charge of a fickl of small
swirls. AE an explanation of the fact that tlm ruts of
flame propagation increased with engine speed, Mnrviu
and his associates (reference 3) suggested tlmt these
swirls are the mechanism whereby the flame is propa-
gated in the cyIinder. It is evident that ibis rnccha-
niem would also transfer heat and, a.Ithough littIo is
Irmownabout it, that it may be one of tho most im-
portant contributing factors, I?ossible sources of this
small-grain turbulence may be the braking down of
the swirl introduced during the suction stroke or of an
unstable flow condition set up by the rapid compression
of the engine gases. l?inal.ly, additionrd gns turbukmce
may redt from the friction of the gases in flowing
over the cylinder mrftices and from tho combustion
of the charge.

In aII the components of this complicated gas move-
ment, the characteristic is evident that the linear and
rotational velocities are proportional, or nearIy pro-
portional, ta the engine speed. .Tho resumption wilI
therefore be made that the velocity 17in equntion (2)
can be repIuced by a product of the engino speed and a
function of the crank angIe. IX will ako bo assumed
that for a given engine the function of crank angIe is
independent of the engine-operating conditions.

Engiie and gas parameters,-The quantities ~, D,
and r are comtants for a given engine. Other ratios of
the engine dimensions may be of importance but they
also are either constants or known functions of tho
crank angIe. The density p is obviously equal b tho
product of the weight of gwms in the cyIinder and a
function of crank angle.

It will Iater be shown that the value of Cp/&-I cor-
responding h an avernge effective gas temperature
for the gas cycle does not approciabIy vary for the
range encountered in ordinnry operation. Although
CP/jLn-lvaries during any given cycle, it will be nssumcd
that its effect is the same for all cycks,

When the foregoing assumptions am introduced
into equation (2), the insttmtnncous heat-transfer co-
efficient of the gas is

q,= Tv,”j(e) (3) -

where TJ’jis the product of the weight of gases in the
cylinder and the number of cycles per minub, and j(tl)
combines the variation with crank angle of aIl the
factors in equation (2) and also the constants of the
equation. Ii accordance with the preceding discus-
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sion, j(d) is independent of the e.ngimwperating con-
ditions. The quantity ~, maybe looked upon as the
weQht of gas flowing through the engine per minute
adjusted to include the weight of the residuds.

Heat transfer to headi—Over the entire cycle the
average of the rate of heat transfer to the cylinder head
is obviousIy given by

~=E1
J

~F ~’r!#- T-..)de
or

H=aqy’
J

k f(e) (Z’- z’,](m
o

(4)

where H is the heat transferred per unit time.
al, the internaI area of the head.
T*, the average temperature of the head surface.
T, the i.mtantaneous gas temperature.

It shouId be noted that o and Tare average values o~er
the cyhnder head.

If B is detied as

it may be seen from equation (3) that BIT~’ is the mean
heat-trmsfer coe%icient over the complete cycle. The
temperature obtained by averaging the product of the
instantaneous gas temperature and the ratio of the
instmdmeous to the mean heat-transfer coefficient over
the compIete cycIe will be referred to as the “effective
gas temperature.”

The effective gas temperature by definition is given
by the foIlow@ expression

(5)

Equation (4) may now be written

H=B(z,W,fi(Tr-TJ (6)

Equation (6) thus gives a eimpIe exprmsion for the rate
of heat transfer to the head.

The indicated horsepower 1 of an engine is propor-
tional to the weight of mixture inducted into the cmgine
per unit time for a constant air-fuel ratio. In the range
to the rich side of the theoretically correct mixture,
1 varies or.dy sIightIy with air-fuel ratio. The weight
of mixture differs from the totaI weight in the engine by
the weight of residuals. The diilerence, howev~, is
sufficiently small so that an equation Similar to equation
(6) but involving 1 instead of IT’lmay be written

H=~aJ*’ (T,– TJ m

This equation is applicable in the range of a&fueI
ratios to the rich side of the theoretically correct
mixture. In the lean-mixture range, I depends not
only on the might of charge inducted into the engine
but also on the air-fuel ratio. For a smaH range to
the Iean aide of the theoretically correct mixture, how-
ever, the effect of air-fuel ratio may approximately be
taken care of by inchding it in the curve of T, against

air-fueI ratio. Equation (7) does not predict the small
variation in heating that occurs when a constant
indicated horsepower is maintained and when the vieight
of rasidurd.s is ~aried by varying the exhaust pressure.

Heat transfer to barreI.-The equations for the barrel
wiIl be assumed to take the same form as equations
(5), (6], and (7). The vahms of the constants and of
T, VZUI,howe~er, be different. In order to a~oid
complicating the notation, the same set of symbols will
be used for the bard with the emeption that T, will
be repIaced by T~, the a-rerage cylinder-barrel tempera-
ture. Fart of the heat is transmitted to the barrel by
the piston. The heating of the piston by the engine
gases is similar in procws to the heating of the cyLinder
head. In the conduction of heat from the piston to the
barrel, however, additiond facto=, such as the resistance
to the flow of heat through the piston, piston rings, and
oil flhns, appear. The cooling produced by the flow of
oil and the heating due to friction also affect the barrel
temperatures. Some of these factors are taken care of
by the empirical constants in the equations. The
final justification for the foregoing assumption is,
however, that good resuh% are obtained by the use of
the ~quations. Some variation in the constants B
and B for the barreI may be expected as the condition
of the piston, piston rings, and cylinder changes and
aIao as the quantity of circulating oiI changes.

Temperature of combustion gases .—The impor”hnt

factors upon which T, depends can be determined from
a consideration of the engine cycIe. It will be shown
that T, may be taken as being independent of the
weight of the charge inducted into the engine and the
engine speed but depending on the air-fuel ratio, the
cmburetor-air temperature, the spark timin~ and the
compr&on ratio. h orily &s&order effects d be
considered, a constant specilic heat wiIl be assumed.

Equating the heat added by combustion to the sum
of the increase in internal energy and the increment of
work, the familiar equation is obtained

From the gas Iaw
Pu=wJ?T

there is obtained Pdn+vdP=w,RdT
The expression for dg then becomes

Ii@gmting from the start of compression where q=O,
P= PI, and D=r, to the point up to which the quantity of
heat ~ is liberated, there is obtained for the pressure at
that point

()P=P, : ‘+ (7–l):~r’dq
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An expression for the average gas temperature at any
instant in the cycIe may be obtained from the pre-
oeding equation by making use of the gas law

where Pl

VII

v,
7$

J,
%

c*,
L,

. h,
R,

is the initial pressure of the charge when the
volume is h.

the total volume of the oylinder with the
piston at bottom center,

the variable volume.
the ratio of the specific heat at constant

pressure to the specific heat at constant
volume.

the mechanical equivalent of heat.
the quantity of heat added up to any point

in the cycle.
specific heat at constant volume.
the ratio of weight of mixture burned up to

any point in the cycle to the weight in-
ductid.

the heat content per pound of fuel xA/15.I.
the gas constant,

Wl=w+wr, the total weight of gas in cylinder after
combustion is complete.

w,, the weight of residuals.
w= w.+ Wr,the weight of fresh charge.
w., the weight of air.

—— the weight of fuel,‘*–A;I ‘
A, the air-fuel ratio.
Since the gas constant R for the residual gas is CIOSS

to that for the fresh charge

P1v,=R(wTs+w,T,)

where T~ is the temperature of the inlet charge,
T,, the temperature of the residual gas.

()
T.~) VI T-1

+GXii’-l&Y-*”

The number of variables in this equation may be re-
duced by eliminating the ones having only a d
effect on T. The quantity w,T, is equal ta Pdv,fl?,
where P~ is the pressure at the end of. the exhaust
stroke and v, is the clearance volume of the cylinder.
The quantity P. would be expected to increase slightly
with weight of charge. The term w,T,, however, is
only a small factor in determining the vaIue of T and,
in seeking a tit approximation, the effect of variation
in the quantity w,TJw~ will be neglected. When w is
large compared with w,, w, is practically proportional
tow, and the variation of wjw~with weight of charge is
small. For the purpose at hand it will be assumed that
w/wt is constant. This assumption applies faidy well
at fulI open throttle and its accuracy decreases as the

load is decreased. The quantity L is a function of
crank angle and, for a given air-fueI ratio, spark timing,
and cylinder, has been found to vary only slightly with
weight of charge and engine speed. C!urvcsillustrding
this poiqj will be shown later.

The expression for T may then be written

()T=Tm ; ‘-1 +j-1(% r, % 4

where r is the compression ratio.
s, the spark timing.
6, the crank angle at which T is the gas tem-

perat ure.
This equation applies during the compression and
expansion strokes.

During exhaust

T= Tm+j,(2r, r, s, A)
and, dur~ intake, neglecting the residuals,

Z’=Tm (approxinmtely)
It is evident that an expr~~ion of the form

T= TJz(r, o)+$(8, r, ~, A) (lo)

covers the variation of T over the entire CYC1O.It is
noted that, based on the foregoing assumptions, T is
independent of the quantity of chmge, the weight of
residuals, and the engine speed in the prrictic.al range
of operation.

‘il%en equation (10) is substituted
(5), there resuha

. T,= TJ4(r) +ja(r, S,A)

The value of Tc is also independent

intu equation

(11)

of tllc charm
inducted, the &ight of re&uals, and tlm engifie
speed, since f(6) in equation (5) is independent of tho
engine conditions. The variation of T, for both the
head and barrel with A, .s, and T. will bo obt~incd
~om engine tests, The values of the constants B,
B, n, and n’ for the head and the barrel wilI also IN
obtained from engine tests,

HEAT TRANSFER FROM CYLINDER TO COOLING AIR

Over-ail heat:transfer coefficient,-Tho hvmsfcr of
heat from the cylinder wall through the fms to the
coohg air will now be considered. It is possib~o to
obtain theoretical solutions for tie rate of flow of heat
through has a function of the fin dimensions and tho
surface hea&tranefer coefficient of the fins. Harper
and Brown (reference 4) have made a detailed am-dysis
of the heat flow through fis of rectangular, tapered,
and parabolic section mounted on flat plates and cylin-
ders. The folIowing convenient approximfite repre-
ssionghg in refer~ce 5 has been found to predict with
a good degree of accuracy the heat transfer for circular
fins of both rectangular and tapered section:

‘=r41+%)tRnh(aw’’+’12)
where —
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U is the rate of heat dissipation per unit cyliuder-
wall area per degree difference in temperature
between the cylinder wall and the air.

q, the average surface heat-transfer coeflicieut of
h is the rate of heat dissipation per unit sur-
face area of the h per degree difference in tem-
perature between the h surface and the air.

w, width of fin.
p, fin pitch (s+t).
s, average air space between h.
t, average fin thickwss.

w’, width of fin plus X tip thickness.
Sb.,Iength of cyfinder wd exposed between two adja-

cent fins.
R~, radius to base of fins.

k, therrmd conductivity of h material.
Equation (12) may be written

u=bg

where b and z are functions of the fln dimensions and
of the vaIue of q. For a given engine the fm dimensions
are tied and the variation of g is limited to the range
corresponding to adequate cooling. Within this range
b and z are found to be constants for a given engine.

The surface of the finis oooIed by con~ection and au
equation simdar to equation (1) can be written for the
heat-transfer coefEcient g where 11is replaced bys, and
~, by s/Rh. Aa indicated in the previous discussion, q
ia proportional to (pV)=. In b case also the variation
of the ticosity P with cooling-air temperature intro-
duces only a smalI variation in q, which will be
neglected.

Since the pressure drop APP/PO across a finned
cylinder mounted in a jacket or in a cowling varies as a
powm of the mass flow, the following expression maybe
written for U:

U= K(APp/pJ= (13)

where K and m are constants for a given engine and PO
is a standsxd density (taken as corresponclimgto 70° F.
at 29.92 inches of Hg). The quantity p is the avwage
density of the air entering and leaving the fins. The
values of K and m will differ for the head and barrel.

Heat transfer to cooIing air.-The heat transferred
from the head to the coo%g air is given by

lZ=aJZ(APp/po)” (T,–TJ (14)

where ao is the outside head area.
T’*,the average head temperature.
T=, the inlet temperature of the coding air.

A sirdar expression maybe obtained for the barreI.
Average temperatures.-If H in equation (14) is

equated to the value given in equation (7), an expression
can be set up for the average head temperature:

Tr–Ta (15)
T~—Ta=a&(APP/~)*+l

al~I”

An expression tier to (15) but involving a diilerent
set of constants may be written for the bard. The

average head and barreI temperatums, by means of
these expressions, can be calculated ffom the engine
and cooIing conditions.

An equation aimdar to (15), but involving the weight
of gas in the engine cylinder, may be obtained from
squat.ions (14) and (6):

Maximum cylinder temperature,-The rear spark-
plug temperature and the taperature between the
rear spmk pIug and the exhaust port are the highest
external temperature on the head. The practice at
prasent is to set a temperature of about 475° F. as the
maximum that a point on the cylinder head may attain.
4 masimum of 300° l?. is also usually imposed on
barreI temperatures.

NTOattempt wdl be made here to obtain an equation
for the temperature at individual points on the cylinder
as a function of the coding and engine variabIes. The
variation of the average head and barrel temperatures
may, however, be taken as a close indication of the
variation of the ma..um cylinder temperatures when
engine and cooling conditions are changed. The maxi-
mum temperatures have been found to exceed the
average temperatures by from 120° F. to 150° F. on
the head and 30° F. on the barreI for the I?ratt &
‘XW.ney 1340-H cylinder in the si@e-cyIinder tests.
Diflerent mlum depending on the fi and baflIe design
ti be obtained for other cylinders.

The rate of heat transfer from the hot gases to the
cylinder wall varies hm point to point on the cylinder.
In the case of the bard it may be assumed that the
heat-trsmsfer coef%cient horn the gases to the wall is
the same for any point at a given height on the bard
but that it varies as the point moves axially. The
problem is even more complicated for the head, as the
position of the point relative to the spark plugs results
in a difference in heating during combustion. In
~ddition, various parts of the head are subject to
~erent degre= of gas movement. The region near
the intake port is cooled by the flow of the fresh charge
into the cytider, aud the region near the exhaust
port is heated by the movement of hot gases at high
velocity through the exhaust port.

The rate of heat transfer from the cyIinder wtdI to
the cooling air also varies with position on the cyhnder.
I?he cooLingof the front of the cylinder depends on the
kgree of turbulence of the air. Inferior cooling of the
rem of @e cylinder results from the heating of the air
M it flows around the cylinder and from the poor flow
2onditions directly at the rear.

In the treatment of the cooling of individual points
on the cyIinder, consideration must slso be given to
the conduction through the metaI from the hot regions
to the cold, and particubdy in the case of the cyLinder
head because of the high conductivity of ahnninum
and the thickness of the walls.
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It is evident that, even if it could be obtained, an
equation taking all these factors into consideration
would be complicated and of little practical value,

APPARATUS

The cylinders on which the tests were made were a
Pratt & Whitney 1535 and a Pratt & Whitney 1340-H.

Air flow

over the rear half the jacket fitted closely against tlm L
fins to provide a high air velocity.

The 1536 cylinder was provided with two devices for
disturbing the air flow over the front of the cylinder to
determine the additiomd cooling due to the disturbed
motion of the air in front of the cylinders of E cowled
engine in flight. One of the devices was a cylinder 9
inches in diameter mounted about 4 inches ahead of tho
k tips with its mis at right angles b the cylinder axis,
as shown in figure 1(b). The other device consisted of
brdiles for directing the cooling air downward over the -
front of the head rmd barrel, as shown in figures 1(c)
and (d). The lower baflle, a semicircular sheet plriccd
about 1Xinches from the fh tips, provided a fairly high
vertical velocity of the air.

A partition was located in the exit duct for separating
the air that flowed over the head from the air that
flowed over the barrel. Thermocouples were located,

(b)

0

0

P

0

.%por<for--<

0

0

a(c)

0

0

0
------------

0

0

8

0

+

(d)

~]

—---Baffle

—.

—-

—.

(a) EngfneMnder and jacket.
(b) EnginecyUndcr,jacket,and turbulenceWnder.
(c) Engfneoylfnder,jacket, and hMw.
(d) SeMonplanviewofcgllnder,jacket,andbadlee.

FIGUREl.–DIr@ramof englrmcylfnder,jacket, and tnrbuknca devlma.

The bore, stroke, and compression ratio for $e 1535
cylinder were 5%6inches, 5% inches, and 6.73, respec-
tively, and for the 1340-H were 5%inches, 6 inches, and
5,6. Each cylinder was mounted on a single-cylinder
test stand enclosed in a jacket (see fig. 1 (a)) through
which cooling air was forced by a centrifugal blower
The jacket had a wide entrance section to provide a
low air velocity over the front haIf of the cylinder;

in the jacket ahead of the cylinder and in the exit
passages from the head and barreI for measuring the
increase in temperature of the cooling air. Tlm jacket
of the 134&H cylinder was covered with fclt insulation
to reduce heat losses from the cooling-air stream.

The temperatures of the two cylinders were mcasurod
in each case by 22 thermocouples on the cylinder head, --
10 on the barrel, and 2 on the flange, located in simihw
positions for both cylinders.

A static tube was located in the space ahead of the
cylinder, where the velocity head was negligible, for
measuring the pressure dillerence between the front of
the cylinder and the room. Impact tubes wcro located
between the fins on the head and barrel at 45° from the
front of the cylinder. The space between the fins and
the jacket was still hrge in the region of tha impact
tubes. As the veIocity head was onIy a snd part of
the tatd head in this region, there was littb loss in
energy arid the readings of the impact tubes were [he
same es that of the static tube. In the tests with the
turbu~ence devices the pressure drop was obtained from
the readings of the impact tubes.,

The quantity of cooling air suppIied to the jacket was
.

determined from the readings of a thin-plata orifice
tank connected to the irdet of the bIower. Electrical
heaters located in the air duct between the blower and
the jacket were provided to vary the cooling-air temper-
ature. Electrical heaters were also Iocated in the
intake system of the engine for varying the carburetor-
air temperature.

‘Phe standard test-engine equipment was used for
measuring brake mean effective pressure, engk~ SPcC[i~
fueI consumption, and air temperature at tho irdet to
the carburetor. The mixture strength was dctcrmincd
by means of a Cambridge air-fuel ratio meter and was
used for calculating the weight of carburetor air sup-
plied to the engine. A gasometer was connected to
the intake manifold for determining the air quantity
supplied to the engine during the tests in which the
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air-fueI ratio was varied. These measurmuenta were
used for calibrating the Cambridge meter. A Fe_rnh_ro
indicator was used in the tests of the 1340-H cylinder
to obtain indicator cards.

METHODS AND TESTS

The following tests were made of both cyhnders:
1. Crdibration tests were made to detmmine the

weight of air flowing over the head and the barrel as
functions of the pressure drop across the cylinder.

2. The engine conditions and might velocity of the
cooIing air were maintained constant and the cooling-
air temperature waa varied to determine the vaIue of
T. at an air-fuel ratio of 12.5.

3. The coohg conditions and air-fueI ratio were held
constant (the latter at a value of about 12.5) and the
indicated horsepower was varied by varying the brake
mean effective pressure and engine speed to detarmine
the constants B, ~, n, and n’ in quations (6) and (7).

-5EEE

The fimts covered the following range of conditions:

Engineepeed,r. p. m--------------------------
Brokemeaneffecti~epressure,

L3mW& LKHE

Ab4uel mti..--_..._-_.-..w_K. k.:::::: 11.a-l&7 m 8-IL1
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~&e 8crDs3uyliuder in. W8k______ &-M 7.S-2a

=~&?~~T%?::-----”----:~ :% %%

1APPLustmteIy.

hlore teats than were necessmy tu wtablish the vahws
of the constanta were made h check the validity of the
equations over a range of engine and coding conditions.
Only two amurati tests are required to estabIish the
vahe of the constants for the norrmd operating rmge
of au engine: The prasmre drop across the cylinder is
varied in one and the indicated horsepower is varied in
the other. From the fit test, the constants of equation
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4. The engine conditions were heId constant and the
mass flow of the cooIing air was varied to determine
the constants m and Kin equation (14). These tests
provided adclitiomd data for detarmirting T*.

5. The coohg conditions and the weight of sir
delivered to the engine per cycle were held constant and
the air-fuel ratio was varied to determine the variation
of T~ with air-fueI ratio.

In addition, the foIIoming tests were made of the
1340-H cylinde~

6. The weight of the charge and the air-fueI ratio
were heId constant and the spark setting was varied to
obtain the variation of T, with spark timing.

7. The weight of the charge and the air-fueI ratio
were held constant and the temperature of the carbure-
tor air was varied to obtain the variation of T, with
carburetor-air temperature.

8. Ik3icator cards were obtained in runs during
which the brake mean effective pressure and engine
speed were varied to determine their effect on L.

139i7&~

(14) may be obtained; and, from the second, the con-
stants of equations (6) and (7).

The calibration wts (item 1) were made by blocking,
in turn, the e.xifi for the head and the bard aud by
measuring with the thin-plate ofice tank the quantity
of air flowing through the jacket for various pressure
drops across the cylinder. A correction, which was
obtained by bhoking both passages, was apphd for the
leakage from the jacket. The calibration curves are
shovm in figure 2.

The heat dissipated from the head and barrd was
calculated by the formula

H=W&AT

where 17Gis the weight of air flowing over the head or
barrd per unit time as obtained from figure 2, and AT
is the increase in cooling-air temperature.

The values of T, for the head and barrel, correspond-
ing to m air-fuel ratio of 12.5, were obtained from the
tests described in item 2 by plotting the heat output
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from the head and the barrel against the average head items 5, 6, and 7, and the results were plotted against
and barrel temperatures, respectively. The curves air-fuel ratio, spark setting, rmd carburetor-air temper-
were extrapolated to zero heat output, at which points ature, ~_esp@ively.
the average head and barrel temperatures are equal to By the use of the data obtained in the tests described
their respective effective gas temperatures Tfl. (s- in item 4, the heat-transfer coefficient U were calcu-

Symbol
/,5%0 L5Am LL%U 1,;00 I,so Engine.rp.m.‘ I;x% J& 14%0 1;0 12vm
76.2 85.7 96.7 105.9 ;20.0.&m.ap.lb./sq.in. 85.7 89.9 87.2 89.8
13.22 13.50 13.71 f3:50 Air/fuel /3.50 13.48 12.80 13.12 IF6:
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FIGUFX8.—Vahresof L for Pmti & WhitueY1*H erlhler fordifferenteIWUeCOIMIMOIIS.

equation (7).) The average head and barrel tempera-
tures are an average of the 22 thermocouple readings
for the head and of the 10 for the barrel, respecthily.

The vaIues of H/(!Z’,– TJ and H/(T,– TB) were
plotted again..t 1. and TI’4on logarithmic coordinates

J2

JO

~8

‘~
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:4

2

‘m m4CU.5CK-l 6D0 7LW mmlchmjfao
Averagebcrrei&d head temperutWes i% CXd Th,%

FIGUBE4.—Vmlattonofheat traneferfromcombustiongasesto headand bamelwith
averageheed and barrd terqwmturee. CorburetorW temperature &f”F.;epfuk
timing, 23°B. T. 0.: ah-fuelratio, 12$ engfnespeed,1J?31r. p. m.

for_tie teats described in itbm 3 to obtain the constants
B, 1?,n, and n’ in equations (6) and (7). The values
of T@found in the manner described in the preceding
paragraphs were used in c@@ating H/(T~—TJ and
H/(TP– TJ, inasmuch as the air-fuel ratios were ap~
proximately 12.5.

These constants and equations (6) and (7) were used
to calculate the values of T, from the tests described in

lated for the head from H/[ao (Th—TJ] (see equation
(14)) and for the barrel from a aimihw equation. The
values of K and m were obtained from a plot on
logaritJunic coordinates of U against APp/po

The curves for ~ were ca~culated from tho indicator
cards, making use of a convenient equation derived from
equation (8).

RESULTS AND DISCUSSION

Gas temperature Tfl.-The values of .L are shown
plotted in figure 3 ag~inst crank angle for various
-e brake. mean effective pressures and engine
speeds. As pointed out in the dmdopment of the
expression for T~, there is ordy a small spread bctwm
the values of L for these different conditions.

Some scattering was found in the valum of the gas
temperature T~, obtained m descrhd in tho section
on methods, by extrapolating tho curves of heat output
from the head and the bnrrel plotted against theaverage
head and barrel temperatures. Part of the scattering
was due to the large disttince through which tho extrapo-
lation had .ta be made as compared with tho range cov-
ered by test data and part was due to small experimental
errors in the data. Consideration of a large number of
these curves led to a choice of 1,150° l?. and of 600° F.
for the values of Z’cfor the head and the barrel, respec-
tively, for both the 1535 and 1340-11 cylinders. Figure
4 shows two typical sets of data for determining T, for
the Pratt & Whitney 1340-H cylinder. The lines are
drawn through the points to pass through the tempera-
tures of 1,150° F. and 600° F. at H=O for the head and
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bsrrel, respectively. The curves illustrate that a singIe
determination cannot, in general, be relied on to
determine T,.

Heat transfer from combustion gas to cyUnder.—
The vahes of H/(T,– T*) and H/(T’,– Tb) were crdcu-
lated using the preceding values of T’fl;they are plotted
in iigure 5 on logarithmic coordinate rqyiinst 1, W=,
and W; for both cylinders. The points for the head
of the 1535 cylinder fall on the same curve whether the
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by the individual runs. The paraUeI shifting from one
run to the next does not indicate a trend with brake
mean effective prwsure or engine speed because the
results of the tests in which the brake mean tiective
pressure WEISvaried and the engine speed was heId con;
stsnt are parallel to those for which the reverse vw
true. Check runs taken on difTerent days also show
about the same order of mtgnitude of shift. The
scattering is attributed to the poor condition of the

Q

c
~
>

:

k

velocityfucfor,I&fmin.

h)ThI?I153Scylinder.

(b) TheWH cylSnder.
FIGUEE5.—\”arIatIonaf H/(Z’,-Tti and E!/(T,-TJ w’fth1, TFoand JJ”k

change in indicated horsepower was obtained by varying
the brake mean effective pressure or the engine speed,
as was expected from g consideration of equations (6)
and (7). The same genersl result was found for the
head and bard of the 134PH cylinder. The points
for the barrel of the 1535 cybder show more scatte
ing, aIthough the points for the various runs form straight
lines having a common slope. A Iine -wasdramn through
the average of the points and in the direction indicated

piston rings of the 1535 cylinder and the resuIts are
considered m not very reIiable. Other tests of a Pratt
& Whitney 1535 engine indicate that the vahe of n’
for the barrel is the same as the value for the head.

In two of the runs plottad in figure 5 the air-fuel ratio
vtied over a smaII region in the rich range. The points
for these two runs agree vzith the rest of the data. It
dl later be seen that., for the range covered, the vmia-
tion of T, with air-fuel ratio is snd.
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The CUrVOSof H/(T,– TJ and H/(T~– TJ plotted
against 1 and 17a are parallel, having a slope of 0.68
for the head and of 0.85 for the barrel for the 1536
cylindersnd of 0.64for both the head and the bsrrdfor the
1340-H. This parahlism is to be expected, aa the
indicated horsepower is directly proportional to the
air weight per second. The slopes of the curves of
H/(Tn– 2“J and H/(T*- TJ plotted against Wt are
0.72 for the head and 0.96 for the barrel of the 1535

Fmmu! 6.-%rlation ofheat-tramferooeffWnt from mmbnstton gaswta head and
hrrclf with w&4,.

cylinder and 0.67 for both the head and the barrel of
the 1340-H.

The constants for equations (6) and (7) were obtained
from figure 5; the equations are tabulated as follows:

Units of Hare B. t. u. par hour; tits of W. md lV~aceIWJrmdsper Lubmte.

A commrison will be made between the two cylinders
of the ra-ti of heat transfer from the qas to the cylinder
walls, Dividing H/(To– TJ by th~ internal ~rea of
the head and doing the same for the barrel gives the
heat-transfer coefficient of the gas to the head and the
barrel. The internal area of the head included the
exposed internal surface of the head with the valves
closed and the surface of the liner down to the end of
the head. The area of the valve facee was included but
the area of the exhaust passage above the valve was not.
Although the exhaust-passage area should be con-
sidered, it is diiiicult to state its importance in compari-
son with the internal area of the head. The coeffi-
cients, as previously calculated, may be considered as

approximate values for purposea of comparison. The
internal area of the barrel was taken from the end of the
head to the position of the bottom compression ring
when the piston was at bottum center.

In order to compare the heat-transfer coefficients of
the two cylinders, the ratio of Tlrlto the cross-scctionnl
area of the piston was taken as a measure of the weight
velocity of the gas moving by the cylinder surfaces.

Curves of H/[a,(T,– TJ] and H/[al(T,– T*)] aro
showRin figure 6 plotted against lV,/~,, where .A.is tho
interred cross-sectional area of the cylinder. The
values of al and A, are given in the following table:

mlm lo.
-4,,q. In.

head Barrel

Pmtt &Whitney ID . . . . . . . . . . . . ..-...—-.. 47.1 826 2L1
Pratt &Whftney B@H . . . . . . . . .._. -- . . .._ 76.s W1 16.9

The curves for the 1340-H cylinder are somowlmt
higher than those for the 1535. It was expected that tho
resuIts for the two cylindem would be fairly close tigothcr
as there is no great dit?erence in their general design.
A large difference would be expected if means were
provided in one of the cylindem for obtaining additional
swirl of the charge. Much closer agreement behvcon
the two cyIindera is obtained when I]/[a,(T,– T,)] and
Hflal(Z’O–TJ] are plotted against W;.

Variation of Tfl with engine conditions.-Equatiom
(17) were used to calculate T, from the test results in
which air-fueI ratio and spark timing were varied.
Three curves were obtained for the head and barrel
by using in turn the equations invoIving 1, 11’.,and W,.
Figure 7 shows the value of T, pIotted against air-fuel
ratio. The three curves for T~ for each cylinder aro
practically the same and indicate that T~ incrcascs
only slightly in going from rm air-fuel ratio of 12 to 14.

Figure 8 shows the values of T, plotted against spark
setting for the 1340-H cylinder. The valuo of T, rc-
maine practically constant over a wido rango of spark
setting wmring usual operating conditions; it increases?
however, for both greatIy advanced nnd retarded spark
timings. Although H~awas heId practically constant,
the indicated horsepower decreases at both extremes
of the spark-timing range.

In figure 9 T, is shown plotted against tho tempera-
ture of the carburetor air for the 1340-H cylinder. It
was found, in general, to be difficult to obtain consistent
runs in the tests of the effect of cmburetor-nir tem-
perature on cylinder temperature. Tho curves iu fig-
ure 9 indicate that a 100° F. rise in carburetor-air
temperature results in approximately a 58° F. rise in
T~ for the head and barrel.

If reference is had to equations (2) and (3), an
estimate may be made of the error introduced by
assuming that the value of PI-%CPcorresponding to T,
does not vary appreciably with change in engine con-
ditions. The value of n for the head is about 0.7.
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The heat-transfer coefficient q must, therefore, vary as
~“-~cp. Assuming that the effective gas temperature Tg
is 1,150° F., a change in gas temperature of 100” F.
wilI produce a change in ~ of 4.8 percent and a negligible
change in Cpresulting in a change in the value of q
of 1.6 percent. As the variation of T, is ks than
100° F. for the usuaI range of variation of air-fuel ratio,
carburetor-air temperature, and spark timing, it is evi-
dent that the variation in q resulting from the change
in p and CPmay be rmglected.

Heat transfer horn cytider to coohg air.-The
heat-transfer coefficients V for the 1535 @inder me
shown in figure 10(a) plotted against AF’p/~ for
three conditions: Yi’ithout a turbulence device, with
the 9-inch cyIinder, and with the vertical baffles.
The 9-inch cylinder and the baflles illustrate the effect
of providing turbulence omr the front of the cylinder,
a condition which is present in the cooling of an engine
in flight. To reproduce flight conditions on a aingle-
cylinder blower-cooled engine involves eeveral naturaI
difficulties. The nature of the turbulence produced
by any device of the type described is difTerent from
that obtained in flight and, in addition, part of the air
that cools the front of the cylinder in ftight spiIIs out
of the cowling, resulting in a lower temperature of
the air that enters the bafflm and COOISthe rear of the
cylinder. ~lth regard to turbulence, it may be suf-
ficient., viithout exactly reproducing the flow, to
prcmde a large-scale turbulence in which is dissipated
the same percentage of the avaiIable dynamic head as
in flight. The present resultsi may be considered to
indicate the effect of providing turbulence over the
front of the cyIinder.

The curves for the three conditions are paraIIeI
and ha-ie n slope of 0.35 for the head and 0.31 for the
barrel. %mikr curv= for the 134@H cylinder without
any turbulence device are shown in figure 10(b).
The slopes of these curves are 0.34 for the head and
barrel. Plott4 in @ure 10 for comparison with the
over-all heat-transfer coef%cient U of the bard h
are curves calculated by means of equation (12) using

the fm dimensions of the bd and values of q obtained
from blower coding tests on electrirdy heated, &ed
cylinders (reference 6).

The equations for the heat transferred to the cooling
air obtained from figure 10 are tabulated as foIIows:

mcy~ti TnrtiMrmce Head Bsrrel

h-one----- H-w (APp/~ Q.M H- 171 (APp[p~ @*
(T.–TJ. (T,-TJ

1s3s Wnch ml- H-4(L6 (APP/~ t= H-!U9 (APpf~ *.JI ,(18)
lnder. (TL–TJ. (T,-TJ.

BI@Ies___ H-L-B (APP/~ ~Jt H-22.3 (APp/~ ~a
(TA-TJ. (T,–TJ.

IMO+ h-OIW-.._. H-7SJ (App[~ Q* H-3&0 (APp/pJ LX
(Tt- Tc). (T,-TJ.

UnItaofHam B.t. nJhr.; units of APamfnehesof water.
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For the 1535 cyIinder the area ~ for the outside
barrel surface covered by fins is 61.5 square inches and
for the head is 94.5 square inches. The areas are 68.5

G@ne speed bm.e.p,Arr/fuel Turbu-
r.pnz f&/&q#. - /~ffptke
2170 1260

f .??170 ~~~ 9 in.cyl
Q 2f 70 8yJ
❑ 2170 if. f u “&
x fgo 6455 f2.40 =
Q 50.70 1224 R
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I { 1 I

t I I I

&=H#

--LLL-u
I

I
heatedcy?itier

I

I

1

I
I

2 34568m 2030
‘essure&op acrosscyfino%r,APp/po , in.ofwui%r

(s) The IsssL?wnder. (b) me WC-E Wun.der.
FIGU’EE10.—Varf.atfon04heat-tmms&wefBoIentoffineon headand Wurd wfth

~ dropecrm9cyifnder.

and 142 square inches, rwpectively, for the barrel and
head of the 1340-H wylinder.

The heat-transfer coefficients obtained when the
9-inch cylinder and the ba%les were used are, respec-

.-
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tively, 17 and 38 percent higher on the head and 34
and 30 percent higher on the barrel than for the condi-
tion of no turbulence.

Average head and barrel temperatures.-If H is
eliminated between equations (17) and (18), expres-
sions may be obtained for Th and Tb in the form given
by equationa (15) and (16). For example, if the ex-
pression for the heat transfer as a function of the indi-
cated horsepower is selected from equations (17) and
the expression for the heat transfer corresponding to
the case of no turbukmce device from equations (18),

Figure 11 shows the values of Th and Ta for the
1340-H cylinder, calculated by means of equation (19)
m tie foregokg values of T,, compared with vahms
obtained from tests in which the indicated horsepower,
AP, and T. were varied independently. A fair
agreement will be noted.

Expressions similar to (19) for the average head ttnd
barrel temperatures of the 1535 cylinder, but applying
more closely to flight conditions, may bo obtained by
using an equation in set (18) corresponding to ono of the
turbulence devices. For instance, by the use of tho
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the folIowing expressiona give the average temperature
of the head and barreI, respectively, for the 1535 and
134(XH cyliudem.

Pratt & Whitney 1535 cylinder:

Head

T~–Ta=
T,– T.

12.7(APP PO)O-8&Jw +1

BarreI

Pratt & ‘Whitney 1340-H cylinder:

Head

Barrel

T,–T== ‘e–TaO
11.9@p;(@ ‘+1

;19)

An examination of figures 8 and 9 indicates that
a value for TOof 1,150° F. for the head and of 600° F.
for the barrel holds fairly well for the range of air-fuel
ratios and spark settinga used in practical operation.

equations for the baffles, the following expressions will
be obtained:

Y

Th–T==
T,–T=

17.55@p#.# +1

T,– T.
(20)

Tb–Tfl=
1955(APP~)o”’i+ ~

The effect of providing turbulence was to increase tho
vahe of the coe~cient of (APp/po)m/Iu’, Where con-
siderable change in the weight of residuals is experi-
enced w in flight- at various altitudw, an expression
invol~ IFt instead of I is more accurate (i. c., as
given by equation (16)).

Equgtions (19) and (2o) indicate that., to maiiltain a
constant average head temperature, the pressure drop
APp/pomust vary appro.ximately as the square of tho
indicated horsepower or, since the mass flow varies
almost= the square root of the pressure drop, the mass
flow must be increaaed approximately in dircctt pro-
portion to the hdicated horsepower.

The heat-transfer coefficient U for the head is pro-
portional to (APp/~)m and it is etident from equations
(19) and (2o) that, as ZIis increased (by improving the
fin design or the air flow), the indicated horsepower
may be increased approximately according to the
relation
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APPLICATIONS
I

1. Equations (15) and (16) provide a means for
plotting the resd.s of all cooling tests for a given engine
on a singIe curve. For example, equation (15) may be
written

or

where Y is approximately equal to 2m as AFpi~ vari=

as a power of the mass flow in the neighborhood of 2. I

power. Take 115 miles per hour as the veIocity of
climb at sea level. For a constant indicated air speed
the velocity in climb at 30,000 feet is

,—

‘.,,=v=dE=1’5dA=’mm.p.h
At sea IeveI, T.=59°F.,~=#1.02

simx PO is taken in this report as the density at a
temperature of 70° F. and standard sedevel pressure.

Eiigfnespeed,r.p.m-------------- 2/;0 2?70 2/%0 [eFo /;50
L7r.kehorsepower -------------- 4f7 554 555 536 26.?
Indiwfedh~epower-— --------- 504 653 654 588 320
Indicatedfuelconsumpfim@#i#a/hc O-46 --- 0.44 0.50 0.42
Alfifude.ff----------------------4000 2450 2450 3300 3200
&oling-oirfemperufure,~---------2z5 2a o ~o-o 9-5 jf.3

2 ,= 1 H

M_T’rtlll 1- 1 HI I I
1 I I I I t t I I I t I

50 n imE5L50 r?m 59 75 1001251502m
tiss flowrefafivefo uirpfane, MUSS flowbefweenfins,

Vp,~O,m.p.h. Vp/~,m.p.h.

Figure 12 shows (T,– Th/T*–T.) In’ obtained in flight
pIotted against VP/R for a cylinder of a Pratt & Whi&
ney 1535 two-row radiaI engine mounted in a @umman
Scout airpIane. The details of the tests are given in
reference 7. The cooling-ti veIocity between the
fins was found to be proporticmd to the airplane ve-
locity for the range covered in the tests. The values of
T, corresponding to the sir-fuel ratios obtained in the
tests wre taken from figure 6. A value for n’ of 0.68
for the head and for the barrel was obtained in the flig%t
tds. (See 5g. 13.) This value confirms that obtained
for the head in the Laboratory tests of the Pratt &
‘ii%.itney 1535 cjlinder and was used in pIotting figure
12. It wdl be noted that the test points in figure 12
fall on a siugIe curve, irrespective of engine conditions.
The slopes of the curves differ slightly from the sIopes
that might be expected from the laboratory tests of
the 1535 cylinder.

2. kmme that the Grumman airplane is equipped
with a supercharger cap8bIe of maintaimhg an indicated
horsepower of 550 up to an tdtitude of 30,000 feet.
A comparison is desired of the cylinder-head tempera-
tures in climb at sea Ieval and at 30,000 feet in a standard
atmosphere at the same indicated air speed and engine

la977s-~

V~=l.02xl15=l17 m. ph.
Po

i. hp.per cy[inder

PfGUEX18.—VarfatfonOf T~T~Th- T. and T,-
TdTi–T. with Indicatedhomelmwerfor I! constant
w flowofcoolfngafr from Mzht tests of a mkder
ofll Pratt &whIbleY15Meuiue ha Grm-au*ut
afrpk YAI/~-134m.p.h. (relatl~eto fddfme).

At 30,000 feet ‘~=0.374X~=0.381

V~=188X0.381=71.6 m. p. h.
Po
1=550 hp. Pa=73

The carburetor-air temperature and air-fuel ratio are
assumed constant and T, is taken as 1,150° F.

From figure 12

~f–T~ p.EE=135at sealed T==59° F. —TA—Ta

1150—T* 135
T.–59

=m=L85

Th=441° F.

~–~ p-~=ggat 30,000 feet T’.= —48° F. ~

1150–T*_99=1 355
T,+48 73 “

Th=4600 F.

An increase in average head temperature of onIy 19°
F. is indicated. The preceding calculation neglects the
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reduction in the weight of residual gas in the cylinder
with increase in ahitude. If the variation in the weight
of the residual gas were considered, the temperature
increase wotid be even lees than 19° F.

The cylinder temperatures were assumed to have
attaihed equilibrium in both cases. Because of the
heat capacity of the cylinder matariale, the cylinder
temperatures do not respond instantly to a change in
engine or coohng conditions. This fact tends to com-
plicate the comp.ariaonof cytider temperatures obtained
in climb t=ts. Where large .changea in conditions
occur, as when going from leveI flight into a climb, a
fast-climbing airplane may climb to considerable height
before the cylinder temperatures we within 10° F. of
equilibrium,

CONCLUS1ONS

1. The heat-transfer coeflicbnt for the tramsfer of
heat from the combustion gases to the cyIinder head
varied as the 0.68 power of the indicated horsepower
for the Pratt & Whitney 1535..cylinder and as the 0.64
power of the indicated horsepower for the Pratt &
Whitney 1340-H cyIinder.

2. The heat-transfer coefficient for the transfer of
heat from the combustion gases to the cylinder barrel
varied as the 0.68 power of the indic~ted horsepower for
the Pratt & Whitmey 1340-H cylinder.

3. The values of the effective gas temperatures were
practically independent of the engine speed and brake
mean effective pressure and for the normal range of
operation were eqwd to 1,150° F. for the head and 600°
F. for the barreI for both the Pratt& Whitney 1535 and
the 1340-H oyLindera.

4. The mluea of the effective gas temperature (a)
decreased slightiy as the air-fuel ratio decreased on the
rich side of the theoretically correct mixture, (b) re-
mained cmstant for a range of spark timing to either
side of nornud operation and increased for both ex-
tremely retarded and advanced spark timing, and (c)
increased 58° F. for 100°”F. increase in the inlet-air
temperature for the Pratt & Whitney 1340-H cylinder.

5. The rate of heat transfer from the head and the
barnd to the cooling air varied, respectively, as the 0.35
and 0,31 powers of the pressure drop across the cylinder
for the Pratt & Whitney 1535 cylinder and as the 0.34

power for both the head and the barrel of tho 1340-11
cylinder.

6. The turbulence devices in front of tho cylinder
provided an increase in the heat-transfer coefficient of
the order of 30 percent for the same pressure drop.

7. For the cylinders tested, in order to maiutain a
constant cylinder-head temperature for a given cylin-
der, it was necessary to-increase the pressure drop
across-the cylinder directly as the square of tho indi-
cated horsepower.

8. The equations indicate that to improvo the heat
transfer from the fins by improving the fin dmign or
by using higher air speeds allows the indicated horsc-
povmr to be increased as the 1.5 power of f.ho hcrit-
transfer coefficient V with practically no incrense in
cylinder-head temperature.

LANGLI& MEMORIAL AERONAUTICAL LABORATORY,
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS,

L~a~rm FIELD,VA., June 11,1937.

REFERENCES

I. Nuiwelt, Wilhelm: Transfer of Heat in the Internal Combus-
tion Engine. Diesehnasohinen, V. D. L (Berlin), 1923,
pp. 48-55.

2. Herafekl, August: Der Wfirmetibergsng und die thermody-

namische Berechnung der Lefstung bei Verpuffungsmw

scbinen inabesondere bei Kraftftthmeug-Motoren. Julius
Springer (Berlin), 1925.

3. Marvin, Ckarlea F., Jr., Wharton, Arm!st.md, and Roeder,

Carl H.: Further Studies of Flame Movement and Pressure
Deve.loprnent in an Engine Cylinder. T. R. No. 55f3,
N. A. C. A., 1936.

4. Harper, D. R., 3d, and Brown, W. B.: Mathematical Equa-
tions for Heat Conduction in the I?ins of Air-Cooled
Engines. T. R. No. 158, N. A. C. A., 1923.

5. Bierihann, ArnoId E., and Pinkel, Benjamin: Heat Tran&r
from Finned MetaJ C.vIinderain an Air Streain. T. R. No.
4S8, N. A. C. A., 1934.

6. Schey, Oeoar W., and EIIerbrock, Herman H., Jr.: Blower
Cooling of Finned Cylinders. T. R. No. 587, N. A. C. A.,
1937.

7. Schey, Oscar W., and Pinkel, Benjamin: Effect of Several
Factors on the Cooling of a RadiaI Engine in Flight.
T. N. NO. 584, N. A. C. A., 1936.


